Right atrial (RA) size predicts the outcome in some pathological conditions but reference values for RA volumes and myocardial function remain to be defined. Thus, we used two-dimensional speckle-tracking echocardiography (2D-STE) and three-dimensional echocardiography (3DE) to define normative reference values of RA volumes and function.
Introduction
The right atrium (RA) plays an integral role in cardiac performance by modulating right ventricular function with its reservoir, conduit, and contractile functions. 1 Recent reports have documented that the RA size enlarges in patients with atrial arrhythmias, chronic heart failure, pulmonary hypertension, and congenital heart diseases. 2 -4 Although data on clinical significance of RA enlargement are sparse, two-dimensional echocardiography (2DE) RA area has been demonstrated to be a predictor of the outcome in primary pulmonary hypertension and chronic heart failure. 3, 5, 6 Conventional assessment of RA size includes the measurement of RA diameters and area on 2DE four-chamber apical view. 7, 8 RA volumetric assessment is not currently recommended. 7, 8 In addition, 2DE calculation of atrial volume is limited by view dependency and geometric assumptions about atrial shape. However, atrial remodelling as a consequence of disease processes is often asymmetrical, rendering these assumptions inadequate. Three-dimensional echocardiography (3DE) overcomes these limitations enabling accurate atrial volume measurement. 9, 10 Moreover, 3DE enables the assessment of atrial phasic volume changes, permitting to describe atrial function over its size. 11 In addition to RA chamber function, RA myocardial mechanics is needed to detect subclinical dysfunction and differentiate among several pathophysiological situations. 12 Two-dimensional speckletracking echocardiography (2D-STE) has been shown to be feasible to investigate RA myocardial mechanics. 13 Knowledge of reference echocardiographic values of RA volumes and myocardial function is a prerequisite for the introduction of RA quantitation in the clinical routine. At present, only very few studies reported the normal values of 3DE RA maximal (V max ) and minimal (V min ) volumes, but they did not report phasic RA function parameters.
14, 15 Padeletti et al. 13 reported normal values of RA myocardial function with STE, but they studied a limited number of subjects and the timing of events was set according to the ventricular cycle (i.e. R-R on ECG tracing). Finally, there is no report studying the relationship between RA volumetric function assessed by 3DE and RA myocardial wall mechanics measured with STE. Accordingly, we have designed this prospective, observational study to (i) determine the normative reference values for RA geometry and function in a large cohort of healthy subjects using 3DE and 2D-STE, (ii) analyse the effects of age and gender on these parameters, (iii) compare the parameters measured by 3DE with the same values calculated using 2DE, and (iv) compare RA volumetric function parameters with RA myocardial mechanics assessed with 2D-STE.
Methods

Study population
Between October 2011 and May 2012, 210 healthy volunteers with a wide age range ( Figure 1) were prospectively recruited among hospital employees, fellows in training, their parents, and people who underwent medical visits for driving or working license and met the inclusion criteria. Prospective criteria for recruitment included: age .17 years, no previous history of cardiovascular or lung disease, no symptoms, absence of cardiovascular risk factors (i.e. systemic arterial hypertension, smoking, diabetes, hypercholesterolaemia, and familial history of cardiovascular disease), normal electrocardiogram, physical examination, and no cardio-active treatment. Exclusion criteria included trained athletes, pregnancy, and body mass index .30 kg/m 2 . The study was approved by the University of Padua Ethics Committee (protocol # 2380 P, approved on 6 October 2011) and all volunteers signed an informed consent before undergoing physical examination, blood pressure and anthropometric measurement, and echocardiography. Body surface area (BSA) was calculated according to the formula by DuBois and DuBois. 16 
Image acquisition
Study subjects underwent standard transthoracic echocardiography using a commercially available Vivid E9 ultrasound machine (GE Healthcare, Horten, Norway) equipped with M5S probe. Twodimensional echocardiography studies included an apical four-chamber view optimized for RA. 8 Three consecutive heart cycles were recorded during breath-hold with stable ECG tracing, in order to minimize respiratory movements and obtain images suitable for RA size quantitation 8 and 2D-STE analysis. 17 All patients were examined in the left lateral decubitus position using greyscale second-harmonic 2D imaging technique, with the adjustment of image contrast, frequency, depth, and sector size for adequate frame rate and optimal RA border visualization.
At the end of the 2DE examination, consecutive four-beat ECGgated subvolumes were acquired during breath-hold to generate the full-volume 3DE data set of the RA using a 4V matrix-array transducer (GE Healthcare, Horten, Norway) from the apical approach, taking care to encompass the entire RA cavity in the data set. Data sets were stored digitally and exported to a separate workstation for offline analysis.
Image analysis
Two-dimensional echocardiography images were analysed using EchoPAC v110.1.3 (GE-Healthcare, Horten, Norway). The right ventricular end-systolic frame corresponding to the largest RA area, just before the tricuspid valve opening, was identified in the dedicated apical four-chamber view. Supero-inferior and medio-lateral diameters were measured according to current guidelines. 8 Then endocardial border was manually traced in the same frame paying attention to exclude the area between the tricuspid leaflets and annulus to obtain RA area ( Figure 2 ). RA V max was automatically calculated by the software using the area-length method. 7 Using the same procedure, we also measured the RA V min as the smallest RA cavity during the cardiac cycle, just before tricuspid valve closure, and pre-A volume (V preA ) as the RA volume corresponding at P-wave peak on the ECG tracing.
To assess the RA myocardial function with 2DE-STE, the RA endocardium was manually traced when the RA was at its minimum volume after contraction. Then the software automatically generated a 15-mm wide region of interest. Shape and width of the region of interest were manually adjusted. A cine loop preview feature allowed visual confirmation that the internal line followed the RA endocardium movements throughout the cardiac cycle. If tracking of the RA endocardium was unsatisfactory, manual adjustments of the region of interest size were performed to ensure optimal tracking. The analysis was then approved and an average longitudinal strain (LS) curve was automatically generated, which included a negative deflection (LSneg), representing RA active contraction, followed by a positive one (LSpos) during RA filling (Figure 3) . 12 LSneg, LSpos, and their summation (LStot)
were recorded. Three-dimensional echocardiography RA analysis was performed using a dedicated software designed for volumetric analysis of the left atrium (LA analysis, Tomtec Imaging Systems, Unterschleissheim, Germany) and recently validated against cardiac magnetic resonance (CMR). 9 At the beginning of the 3D analysis workflow, RA data set was automatically sliced four-, two-chamber, and long-axis apical planes and a short-axis plane. Rapid manual data set alignment was performed by translating and rotating the four-chamber plane in order to obtain orthogonal non-foreshortened planes of the RA in all three apical views. In each apical view, the RA blood -tissue interface was manually initialized on two frames identifying RA V max and V min . These initialized RA endocardial boundaries were used to reconstruct the RA endocardial surface. A 3D surface of the RA volume was then generated for each frame throughout the cardiac cycle resulting in a dynamic cast of the RA cavity ( Figure 4 , see Supplementary data online, Video S1). For each consecutive frame, the voxel count inside the 3D RA surface was used to measure RA volume, resulting in a smooth interpolated time -volume curve from which V max , V min , and V preA can be easily obtained ( Figure 5) . From RA volumes, we calculated total emptying volume (TotEV), which represents the RA reservoir function, as the difference between V max and V min ; passive EV (PassEV), which represents conduit function, as the difference between V max and V preA ; and active EV (ActEV), which corresponds to RA booster function, as the difference between V preA and V min . 1, 12 Accordingly, total emptying fraction (TotEF) was TotEV/V max , passive EF (PassEF) was PassEV/V max , and active EF (ActEF) was ActEV/V preA .
Statistical analysis
The normal distribution of study variables was checked using the Kolmogorov-Smirnov test. Continuous variables were summarized as mean + SD if normally distributed. Variables were compared between men and women using the unpaired t-test. Three-dimensional echocardiography and 2DE meaurements obtained from the same subject were compared using the paired t-test. Pearson correlation was used to analyse the relationships between RA size and function parameters and age, and between volumetric and 2D-STE function parameters. Intra-and inter-observer variablity for 2DE and 3DE RA volumes and 2D-STE function parameters was analysed in 15 random subjects using Bland -Altman method. To obtain intra-observer variability, one observer evaluated the same studies on a separate occasion. For the inter-observer variability assessment, two independent observers performed the analysis.
All analyses were performed using SPSS 19.0 (SPSS, Inc., Chicago, IL, USA) and MedCalc (version 10.0.1 MedCalc Software, Mariakerke, Right atrial size and function assessed with 3DE and STE Belgium). Differences among variables were considered significant at P , 0.05. Upper and lower limits of normality were computed as the mean value plus or minus 2 SD.
Results
Six volunteers met all criteria for inclusion but were excluded from enrolment because their acoustic window was inadequate for 2DE and 3DE analysis. Among the remaining 204 subjects, 9 could not be evaluated by 2D-STE and 4 by 3DE due to poor image quality. Thus, in our study population, feasibility of RA LS by 2D-STE was 92.8%, while the feasibility of 3DE volume measurements was 95.2%. Temporal resolution of 2DE images for STE was 73 frames/s, and that of 3DE data sets was 34 + 9 volumes/s.
Demographic characteristics of the study population are summarized in Table 1 . Fifty-six per cent of study subjects were women. There were no differences in age and heart rate between men and women ( Table 1) . Women showed significantly smaller body size and lower blood pressure compared with men ( Table 1) .
RA size and function parameters obtained with 2DE, 3DE, and 2D-STE are summarized in Table 2 . Irrespective on the echo technique used, parameters of RA size were significantly larger in men than in women, even after normalization for BSA. Upper limits for 3DE RA V max , V min , and V preA were 49, 20, and 27 mL/m 2 in men and 38, 16, and 22 mL/m 2 in women. Three-dimensional echocardiography RA TotEV, PassEV, and ActEV were higher in men, but these differences disappeared after indexing for BSA ( Table 2) . Lower limits of normality for 3DE RA indexed TotEV, PassEV, and ActEV were 11, 6, and 2 mL/m 2 . Three-dimensional RA TotEF, PassEF, and ActEF were higher in women ( Table 2) . Lower limits of reference values for 3DE RA TotEF, RA PassEF, and RA ActEF were 44, 27, and 18% in men and 50, 22, and 19% in women, respectively. RA total and LSpos were higher in women, while LSneg was similar in men and women ( Table 2) . Table 3 summarizes the relationships between age, 3DE RA volumes and function parameters, and 2D-STE LS. TotEV did not change significantly with age, but PassEV decreased and ActEV increased with age in both genders. Similarly, PassEF decreased with age and ActEF increased with a mild decrease of TotEF in both genders ( Table 3) . A similar relationship with age was found for parameters describing RA myocardial mechanics with 2D-STE, LSpos decreased with age associated with an increase of LSneg and a mild decrease of LStot ( Table 3) . RA volumes calculated on 2DE images were significantly smaller than those measured using 3DE (Table 4 and Figure 6 ). TotEV, PassEV, TotEF, and PassEF obtained with 2DE were lower than those obtained by 3DE ( Table 4) .
LS parameters were significantly correlated with the volumetric function parameters measured with 3DE. Total LS was positively correlated with TotEV (r ¼ 0.22, P ¼ 0.04) and TotEF (r ¼ 0.24, P ¼ 0.025). LSpos was negatively correlated with V preA (r ¼ 20.20, P ¼ 0.005) and positively correlated with PassEV (r ¼ 0.23, P ¼ 0.002) and EF (r ¼ 0.34, P , 0.0001). LSneg was positively correlated with ActEF (r ¼ 0.21, P ¼ 0.003).
Intra-and inter-observer variability of 2DE and 3DE RA volumes and LS at 2D-STE are shown in Table 5 . All three techniques showed very good intra-and inter-observer reproducibility. However, inter-observer reproducibility of 3DE RA volumes was significantly better than that of 2DE RA volumes.
Discussion
The present study provides the normative reference values for RA size and function measured by 3DE and 2D-STE in a relatively large cohort of healthy volunteers with a wide age range. We found that: (i) RA assessment with 3DE and 2D-STE is feasible and reproducible, (ii) Three-dimensional echocardiography allows accessing not only RA volumes, but also its phasic function parameters, (iii) RA volume values obtained with 3DE cannot be used interchangeably with 2DE-derived volumes, (iv) reference values of RA volumes should be gender-specific while reference values for RA function should be age-specific, and (v) RA myocardial mechanics parameters obtained with 2DE-STE correlate with 3DE phasic volumetric parameters. There is an increasing evidence that RA enlargement is an outcome predictor in pathologic conditions such as primary pulmonary hypertension and chronic heart failure. 3 -5 However, before introducing RA size and function assessment in the routine of the echo laboratories, the reference values for these parameters should be identified. At present, diameters and area measured in a 2DE apical four-chamber view are the only recommended methods to assess RA size, while RA volume computation is not included in routine echocardiography because of the lack of reference data. 7, 8 In the present study, we used 3DE to obtain ref-
erence values of RA volume and function because of recognized superiority of 3DE over 2DE in heart chamber measurement. 18 In particular, a previous study by Keller et al. 10 demonstrated that the 3DE measurement of RA volume is comparable with CMR and it is superior to current 2DE techniques. In addition, the software we have used to quantitate 3DE RA datasets has recently been validated against CMR in a multicentre validation study of 3DE left atrial volumes. 9 Finally, our results about RA V max (upper limit 49 vs. 50 mL/m 2 , and 38 vs. 41 mL/m 2 , for men and women, respectively) and TotEF (lower limit 49 vs. 46%) are very similar to those previously reported by Aune et al.
14 Therefore, we are confident that our study has provided robust data about the reference values of RA size and function. There is only another study that provides RA volume. However, it must be noticed that data provided by Quraini et al. 15 were calculated on multiplane 2DE images extrapolated by 3DE data sets obtained from a limited number of healthy subjects and they provided only maximal volumes. Compared with the study performed by Aune et al., 14 we were able to measure the RA V preA which allowed us to assess also the conduit and booster functions of the RA, providing a comprehensive assessment of RA phasic functions. Finally, 2D-STE analysis of RA myocardium LS showed significant correlations with most of RA volumetric phasic function parameters. Assessment of RA phasic function parameters is clinically important, because the RA is a dynamic structure whose role is to assist filling the right ventricle. The three components of RA function are: (i) reservoir function, storing blood when the tricuspid valve is closed, (ii) conduit function, passive blood transfer directly from the coronary and systemic veins to the right ventricle when the tricuspid valve is open, and (iii) booster pump function, atrial contraction in late diastole to complete ventricular filling. 1 RA is able to modulate the relationship between reservoir and conduit function in a dynamic manner. The RA conduit-to-reservoir ratio is directly related to the right ventricular pressure-RA pressure gradient at the time of RA V max , with increased ventricular pressures favouring conduit function, but it is inversely related to cardiac output, with an increase in the reservoir contribution favouring improved cardiac output. 1 Since pathological conditions could affect and modify RA phasic functions, there is a need to know reference values of each phase to be able to understand the pathophysiology of RA function in various cardiac diseases. In comparison to the number of studies published about the LA, few investigators have looked at RA geometry and function. In addition to RA phasic function parameters, we have also assessed RA myocardium mechanics by using 2DE-STE to obtain LS. When applying STE to measure left or RA LS, it is important to consider the different timing of atrial mechanics in comparison with ventricular one. In our study, we timed our strain analysis to the P-wave on the ECG (atrial contraction); therefore, active RA contraction is shown as an early 'negative' strain (myocardial shortening), which is followed by a large positive wave describing RA myocardial lengthening during passive conduit function. Overall RA reservoir function is represented by 'total' strain, the sum of all strain components when the RA fills from the V min to V max . 19 Our results showed significantly different RA volumes between men and women even after indexing for BSA, suggesting the need for gender-specific reference values. These findings are consistent with data reported by Aune et al.
14 RA EF was also higher in women than in men. In our study, there was no relation between age and V max and V min , confirming previous findings.
14 Conversely, V preA increased significantly with age. This finding parallels the age-related changes in RA function with a significant decrease in passive RA function parameters (LSpos, passEV, and passEF) associated with an increase in active RA function (LSneg, ActEV, and ActEF) in order to maintain constant TotEV. These results are in agreement with the documented age-related decrease of the tricuspid valve E/A ratio 8 and with previous reports showing an age-related increase in active left atrial contraction in response to increased left ventricular stiffness. 20 
Study limitations
Two-dimensional speckle-tracking echocardiography and 3DE dataset acquisitions and quantifications have been performed using a single vendor platform, which may have implications for the applicability of these reference values to datasets that are acquired with other vendor platforms. However, we used a vendor-independent software for 3DE RA volume measurements, which may ensure generalizability of our results. This study did not include a CMR validation of RA volume measurements. However, several studies comparing 3DE and CMR to assess cardiac chamber volumes have documented the accuracy of 3DE and consistently reported smaller volumes by 3DE than by CMR in normal subjects as well as in a variety of cardiac diseases. 18 There is now enough evidence that the two techniques are different and we need different reference values specific for the technique which will be used in clinical routine. Furthermore, the analysis algorithm used in this study has recently been validated against CMR. 9 Finally, limited availability and costs of CMR, as well as ethical reasons, prevented us to perform CMR in healthy subjects without clinical indication. The number of men and women was not equal, especially in the middle and advanced age decades of life (Figure 1) , raising the possibility that some gender differences may have been amplified or not adequately detected. In addition, the number of subjects older than 60 years was limited. However, the enrolment of truly healthy subjects at this age is difficult.
Finally, despite all subjects were asymptomatic with normal physical examination, normal electrocardiogram, no wall motion abnormality at 2DE, and no cardiovascular risk factor, we cannot exclude the possibility of subclinical coronary artery disease particularly in older subjects.
Conclusions
Our study provides reference values for RA geometry and function obtained with 3DE and 2DE-STE in a relatively large population of healthy subjects. Availability of reference values and age-and genderspecific cut-off values to identify RA remodelling and dysfunction should facilitate the implementation of 3DE and STE to assess RA geometry and function in both clinical routine and research.
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